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The acuity for localizing the position of a grating and other first order patterns which are defined 
directly by the luminance distribution, is much higher than the resolution for such gratings. This 
well-described pl~enomenon usually is referred to as hyperacuity, and is regarded as a cortical 
function which is not limited by the optics and the sampling properties of the eye. Second order 
patterns which can be defined by the distribution of local contrast gained some interest because they 
require more complex processing mechanisms than first order patterns. We investigated how well 
gratings and bars which are exclusively defined by the variation of the local contrast of static 
random dot patterns can be localized in space. In this case localization acuity does not reach the 
precision which is known for first order patterns. However, the localization of contrast-modulated 
patterns can be almost one order of magnitude better than second order grating resolution, and 
therefore reaches into the hyperacuity range. In combination with findings for motion-defined or 
stereo-defined patterns it is concluded that the brain mechanisms responsible for the localization of 
features in the visual scene have not only access to first order information which is available 
immediately from the retinal image, but in addition, to second order information which has to be 
extracted from tlhe retinal intensity distribution by some sort of nonlinear processing. 
Spatial resolution Localization Hyperacuity Second order Contrast-modulation 
INTRODUCTION 
In the retinal image of the world, contours or objects are 
characterized in the simplest case by changes in 
luminance or colour. Accordingly, the capabilities of 
the visual system are often investigated by using stimuli 
in which patterns are defined by luminance or colour 
which are called first order attributes (Cavanagh & 
Mather, 1989), because they can immediately be 
extracted from the retinal image. A linear theory of local 
spatial filters appears sufficient to describe many 
perceptual features of such first order patterns (Braddick 
et al., 1978; Derrington & Henning, 1993). However, in 
the absence of variation in mean luminance and colour, 
contours can still be distinguished, by means of other 
stimulus attributes, uch as temporal frequency, motion, 
texture, binocular disparity or local contrast. The 
perception of patterns defined by such second order 
attributes (Cavanagh & Mather, 1989) cannot be 
exclusively explained on the grounds of linear spatial 
filters. Instead some kind of additional nonlinear proces- 
sing is essential to account for the ability of the visual 
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system to use second order attributes for solving several 
tasks. 
A prominent example of a second order pattern is a 
sinusoidal grating, in which the local amplitude of the 
carrier grating, i.e. the luminance contrast, is modulated 
in space with a sine function of lower spatial frequency. 
A purely linear spatial frequency analyser cannot extract 
the modulation frequency from such beat patterns which 
can be expressed as the sum of two sine-waves with 
slightly different spatial frequencies around the carrier 
frequency (Derrington & Badcock, 1986). In accordance 
with linear filter models, many neurons in the striate 
cortex of macaque monkeys are not excited by beat 
patterns in the frequency range in which the cells 
optimally respond to luminance gratings (Albrecht & 
DeValois, 1981). The fact that human observers, on the 
other hand, can perceive the beat without problems 
(Burton, 1983; Badcock & Derrington, 1985; Derrington 
& Badcock, 1986), suggests ome nonlinear processing 
of the retinal images. Only recently, neurons were found 
in the cat cortex which respond to both luminance 
gratings, and to beat patterns of a similar frequency. This 
was interpreted as the effect of early spatial-frequency 
filters followed by a nonlinear processing step (Zhou & 
Baker, 1993). An alternative mechanism, nonlinear pre- 
processing inthe early visual system, seems at least not to 
be sufficient to explain all psychophysical data (Badcock 
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F IGURE 1. Contrast-modulated random dot pattern. (a-c) One-dimensional luminance profiles (intensity plotted as function of 
horizontal position) (a) single dots are randomly assigned with high or low intensity; (b) sine-wave used as horizontal 
modulation function for local contrast; (c) resulting luminance profile: spatial noise with sinusoidally modulated amplitude. (d) 
Two-dimensional sketch of the Vernier stimulus as appearing on the screen: two contrast-modulated gratings presented in front 
of a grey background; the observer has to decide whether the lower modulation function is shifted to the left or to the right, in 
relation to the upper one. 
& Derrington, 1985). Local contrast can not only be 
modulated in beat patterns, but also in a very immediate 
manner by changing the range of grey values of randomly 
distributed dark and bright dots. In other versions of 
second order patterns, contours or objects are defined by 
the variation of local temporal frequency or the direction 
and speed of local motion vectors in random dot patterns. 
There is growing evidence that the various kinds of 
second order patterns can not only be detected per se, but 
they can also be utilized to solve several visual tasks, 
such as motion detection (Badcock & Derrington, 1985; 
Cavanagh & Mather, 1989; Zanker, 1993) or orientation 
discrimination (Mather, 1991), and performance usually 
reaches levels comparable to those for first order stimuli. 
This could indicate that the basic organization of the 
visual system allows for the use of both first and second 
order information to solve manifold tasks and the 
question has to be raised in general whether, for a given 
task, first and second order information is processed by a 
common mechanism, or whether separate processing 
pathways operate in parallel on each of the different 
inputs. 
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One important task for the visual system is to localize 
contours in a visual scene. This is not only vital in order 
to detect objects, but may also be the essential first step 
for many other performances such as stereo vision or 
figure-ground discrimination. In fact, the visual system 
performs localization of first order patterns with an 
outstanding precision (Westheimer, 1981; Klein & Levi, 
1983; Morgan, 1991; Wilson, 1991). Because the acuity 
achieved in localization tasks is much better than the 
resolution for first order gratings, and surmounts the 
sampling density of the sensory system by about an order 
of magnitude, it is often called hyperacuity (Westheimer, 
1975). Can the visual system also use the information 
provided by second order attributes for localization? First 
results with motion-defined bars (Regan, 1986; Banton & 
Levi, 1993) and bars defined by binocular disparity 
(Morgan, 1986; Regan, 1991) indicate, that position 
acuity for these second order patterns i inferior to that of 
corresponding first order patterns. However, when 
compared to the visual system's resolution of the 
particular pattern attribul:e, localization performance is
better and therefore is still claimed to be in the 
hyperacuity range. 
We wanted to know, how precisely highly visible 
second order gratings and bars defined by modulation of 
local contrast can be localized. Localization acuity 
measured in a vernier alignment task was compared to 
the resolution for second order gratings, and to the 
localization acuity of first order patterns tested in the 
same set of experiments. We varied several stimulus 
parameters tofind out whether there are clear differences 
of the localization process for first and second order 
patterns, looking for evidence of whether the two 
different types of patterns are processed by the same or 
by different mechanisms. Due to the sign inversion of the 
sinewave function, the envelope of a beat pattern follows 
a rectified sine which has more than a single frequency 
peak in the Fourier-spectrum. To allow for immediate 
comparison with sine luminance gratings we decided to 
use contrast-modulated random dot patterns with a pure 
sinusoidal envelope as shown in Fig. 1. Besides having a 
single frequency component for the envelope, this type of 
display has the advantage., that he spatial carrier function, 
the random dot pattern, has a broad Fourier-spectrum, 
and that there is no specific phase-relationship between 
the carrier and the envelope which may provide hidden 
cues in beat patterns. 
MATERIALS AND METHODS 
Display 
Contrast-modulated static random dot patterns were 
displayed at a frame rate of 60 Hz on a 19' IBM colour 
monitor (IBM 6091-19) connected toa workstation (IBM 
RISC 6000). Each of the 1280 x 1024 screen pixels had a 
size of 0.28 x 0.28 mm (0.5' at a viewing distance of 2 m). 
The dynamic properties of the monitor phosphor were 
measured with a fast photo-transistor, showing adecay to 
10% of the initial luminance within about 2 msec. Screen 
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FIGURE 2. Control measurements after monitor linearization. The 
mean luminance of random dot patterns is plotted as function of 
contrast (measured in an area in the middle of the screen on different 
days, indicated by triangles and squares); each data point results from a 
newly calculated ot pattern. The averages from the two measurements 
are given by the thin line, the thick line indicates the result of a linear 
regression analysis of the pooled data. 
luminance deviations across the monitor were between 
5% and 8%, and temporal stability was about 99% 
(measured with a Minolta LS 100 photometer). Grey- 
level patterns were composed by adding the same 
amounts of the three basic colours red, green and blue, 
each of which could be varied in a depth of 8 bits. 
Reliable linearization of the monitor is important to 
ensure that the second order patterns have exactly the 
same mean luminance at different contrast levels, thus 
not providing the observer with first order luminance 
cues. The screen was calibrated by fitting a power- 
function to the grey-levels measured from a uniform 
screen, and generating from this an approximately linear 
correction function around a mean intensity of 40 cd/m 2. 
However, this first linearization was rather unreliable, 
and meant hat the mean luminance still varied strongly 
with contrast, and had to be elaborated in two aspects: 
1. From the limited range of integer levels, each pixel 
was assigned randomly to the next lower or upper 
integer of the desired grey value with a probability 
determined by the fraction decimals. 
2. To compensate for electronic imperfections of the 
monitor (Morgan & Watt, 1982a) at high local 
contrasts, the linearization function was further 
corrected by varying its parameters in iterative 
steps, until the mean luminance was about constant 
for a wide range of contrasts. 
Mean luminance finally measured at different contrast 
levels is still fluctuating around the average value 
(39.6 cd/m2), but the amplitude of such irregularities 
was <3% (see Fig. 2). These fluctuations seem to be due 
to the random nature of the pattern, and are consequently 
reduced in the average of the two control measurements. 
There is however no obvious trend left for mean 
luminance to depend on pattern contrast, the linear 
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regression line (slope of 0.006 cd/m2/100% contrast) 
indicates <0.005% error in the used contrast range. 
Indeed, image blur such as that caused by removal of 
optical corrections, let the contrast-modulated gratings 
disappear completely. The careful linearization of the 
monitor was an attempt to avoid luminance artefacts in 
the contrast-modulated gratings. It could be argued that 
early non-linearities in the visual system could have a 
similar effect, and that the monitor should be scaled to 
subjective equality at different contrasts. That seemed not 
to be necessary because we found in a control experiment 
(Volz, 1994) that small but visible luminance modula- 
tions in the presence of noise lead to much poorer 
thresholds than contrast-modulated patterns, and there- 
fore only large subjective brightness changes could 
explain the results described below. 
The observers were sitting in a darkened room with a 
diffuse, weak light allowing comfortable viewing condi- 
tions. They were watching the screen patterns at a 
viewing distance of 2 m, which appeared after an 
acoustic signal, and reported their decision in a 2AFC 
paradigm by pressing mouse buttons. They were given 
acoustic feedback whether their decision was right or 
wrong. The duration of stimulus presentation was set for 
all standard experiments to3 sec, with an approximately 
rectangular time course. 
Localization experiments 
Localization acuity was measured in a vernier task, 
testing the precision of alignment of two sinusoidal 
gratings or two bars. The mean luminance of all patterns 
was 40 cd/m 2 + 0.8 cd/m 2. The luminance contrast offirst 
order patterns (grating I or bar I) was defined as 
Michelson contrast, C = [Lmax -Zmin]/[Zmax -~-Zmin], 
with Lma x and Lmin being the maximum and minimum 
luminance of the sinewave grating or bar stimulus. The 
carriers of the second order stimuli were patterns of 
randomly distributed ark and bright dots (usually one 
screen pixel, 0.5' × 0.5'), appearing with equal probabil- 
ity. The local luminance contrast was defined as 
Michelson contrast again, with Lma x and Lmi  n now being 
the luminance of the bright and dark dots. In analogy to 
the Michelson contrast, he depth of contrast modulation 
was defined as MD = [Cmax - -  Cmin]/[fmax q- Cmin], with 
Cmax and Cmin being the maximum and minimum local 
contrast in the modulated pattern (Smith et al., 1994). 
Two vertical gratings, each extending 8.2 ° horizontally 
and 2.2 ° vertically, were presented one above the other 
with a vertical distance of 10', in front of a uniform grey 
background (40 cd/m2). The lower pattern was shifted to 
the left or to the right with respect o the upper pattern 
[see Fig. l(d)]. Close to threshold, displacements 
between the two patterns could be smaller than a single 
pixel, but subpixel-offsets (see Morgan & Watt, 1982b; 
Waugh & Levi, 1993b) could be easily realised by 
shifting the whole modulation function across the random 
dot pattern by less than a pixel. Patterns with the different 
displacements were calculated prior to an experiment and 
stored in the computer memory. The stored images were 
wider than the stimulus window, to cut out a region of 
this pattern for an actual stimulus presentation with a 
random phase shift of the two spatial functions relative to 
the stimulus borders. We used sharp contrast borders, 
after control experiments with a Gaussian decrease of 
contrast modulation at the left and right stimulus edges 
had no influence on the thresholds, and thus subjects 
apparently do not exploit border features for their 
decisions. 
Resolution experiments 
Resolution was estimated for luminance and contrast- 
modulated sinewave gratings. The mean luminance of all 
patterns was again 40 cd/m 2 + 0.8 cd/m 2, and luminance 
contrast of first order patterns (40%) and modulation 
depth for second order patterns (11.25-90%) were 
defined as described for the localization experiments. 
Each grating was displayed in a rectangular region of 
3.7degx3.7deg within uniform grey background. 
Viewing distance was 4 m, but second order patterns 
were also tested from the standard viewing distance of 
2 m, to allow direct comparison with the localization 
experiments. As there were no obvious differences 
between the results for 2 and 4 m, the data were pooled. 
The orientation of the grating which had to be reported by 
the subjects, was either horizontal or vertical. The highest 
spatial frequency of a sinusoidal grating for which the 
observers still could tell the orientation with 79% 
certainty was defined as spatial resolution. Similar to 
the localization experiments, the stimulus patterns were 
prepared before the experiment, tobe then presented with 
random grating phase. 
Procedures 
Thresholds were estimated by using a staircase 
procedure (Cornsweet, 1962; Rose, et al., 1970) based 
on the a two-alternative forced choice paradigm (2AFC) 
in which the subjects had to decide whether the lower 
pattern was shifted to the left or to the right, or whether 
the grating was presented in vertical or horizontal 
orientation, respectively. The stimulus level (displace- 
ment or width of grating stripes) was decreased after 
three consecutive correct responses, and increased after 
each false decision; six consecutive correct responses 
were necessary to leave the highly visible start level to 
prevent floor effects. With these rules the staircase 
approaches the point of 79% correct responses on the 
psychometric function (Levitt, 1971) which was esti- 
mated from the stimulus levels between the last reversals 
of the staircase. The stepsize of the staircase was varied 
logarithmically (four staircase levels per octave). For 
topping the staircase we chose a criterion based on the 
running average of the stimulus levels presented uring 
the interval between the last three reversals: as soon as 
this current hreshold estimate differed <10% from the 
estimate derived from the previous three reversals 
interval, the staircase procedure was finished. 
For each experimental question, the single tests were 
ordered in Latin Squares, in that the sequence of tests 
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differed for each subject, and that each tested stimulus 
parameter combination occurred in each position of the 
sequence (Cochran & Cox, 1957). By this design the 
influence of order effects (e.g. changes with practice) 
could be calculated by statistical analysis (ANOVA) and 
thus be eliminated from the statistical errors of each 
stimulus parameter combination. 
Subjects 
All ten subjects (sew~n male, three female) tested in 
this study were volunteers recruited from the friends of 
the authors, between 25 and 37 yr of age. They all had 
normal or corrected-to-normal vision. Four experienced 
subjects who were informed about he purpose of the tests 
participated in two experiments. The other observers had 
no prior experience in psychophysical tests, and were 
naive to the question of our study. 
RESULTSAND DISCUSSION 
Spatial frequency effects of contrast-modulated patterns 
For luminance-defined gratings, the acuity to detect 
horizontal displacements between gratings in a vernier 
alignment ask improves with spatial frequency, and 
reaches an optimum at about 15-20 c/deg, depending 
somewhat on the verl:ical separation between of the 
gratings (Bradley & Skottun, 1987; Whitaker & Mac- 
Veigh, 1991; Whitaker, 1993). This can be interpreted in 
terms of the spatial layout of the underlying process, such 
as the size of the receptive fields involved in the highly 
sensitive processing of position. We first tested whether 
localization thresholds are in the hyperacuity range for 
contrast-modulated gratings with a variety of different 
spatial frequencies. Six observers were tested in the 
vernier task with contrast-modulated gratings (cf Fig. 1). 
The spatial frequency of the sinusoidal modulation of 
local contrast (mean luminance 40 cd/m 2, mean contrast 
20%, modulation depth 100%) was set to six values 
between 0.1 and 5 c/deg. The first two tests were repeated 
by each subject at the end of the sequence, to derive an 
independent estimate :about raining effects throughout 
the course of this experiment. After the localization 
experiment, the resolution for second order patterns was 
measured for each observer. 
The localization thresholds derived from the last six 
tests of each observer are shown in Fig. 3(a) as a function 
of the spatial frequency, with the first two tests of each 
observer being regarded as training trials. For all 
observers, the displacement threshold is decreasing with 
increasing spatial frequency. This improvement of 
localization acuity is very strong for low spatial 
frequencies, up to 0.5 c/deg, and weaker but still 
significant for spatial frequencies between 0.5 and 5 
c/deg. Contrast-modu]tated gratings with higher spatial 
frequencies were not used, because in a pilot experiment 
observers couldn't perform the vernier task at all 
with grating frequencies equal to or above 10 c/deg. 
The analysis of variance shows that the influence of 
the spatial frequency is highly significant [ANOVA, 
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FIGURE 3. Displacement thresholds for the localization of second 
order gratings plotted as a function of the spatial frequency of the 
contrast modulation function. (a) Localization thresholds for six 
observers (indicated by different symbols), the dashed horizontal lines 
indicate the range of second order grating resolution. CO ) Same data 
averaged over all observers (with SEM plotted as error bars), the 
horizontal line indicates the average grating resolution. For spatial 
frequencies above 0.3 c/deg localization performance exceeds grating 
resolution (minimum stripe width of 2.5'), and is therefore considered 
to be in the hyperacuity range (shaded area). 
F(5;20)=8.472, P<0.001]~ whereas the position of 
the single measurement i  the sequence is not signifi- 
cant [ANOVA, F(5;20) = 1.038, P = 0.42]. The average 
across subjects is shown in Fig. 3(b) as a solid line, 
together with the SEMs plotted as error bars. The dashed 
horizontal lines in Fig. 3(a) indicate the upper and lower 
range of the grating resolution measured for the second 
order patterns, given as the width of the grating stripes. 
The average resolution for these contrast-modulated 
gratings of about 12 c/deg corresponds to a spatial 
wavelength of 5' or a stripe width of 2.5' [horizontal line 
in Fig. 3(b)]. This resolution is considerably poorer than 
the resolution of luminance-defined gratings (Westhei- 
mer, 1972; Campbell & Maffei, 1974) but in qualitative 
accordance with the resolution limits observed for 
moving contrast modulations (Smith et al., 1994). 
The most important aspect of Fig. 3(b) is the fact that 
localization acuity is much better than grating resolution, 
when the spatial frequency of the pattern is above 
0.3 c/deg. Therefore localization of contrast-modulated 
gratings is concluded to be--in relation to resolution of 
the same patterns--in the hyperacuity range, as indicated 
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FIGURE 4. Mean displacement thresholds for luminance-defined (I)
and contrast-modulated gratings (II) as function of spatial frequency 
(averages from six subjects, error bars indicate SEMs). (a) Thresholds 
of angular displacement, data for second order patterns (0 )  and 
experimental conditions are the same as in Fig. 3. Thresholds for high 
contrast (40%) luminance-defined gratings match closely with those 
for contrast-modulated gratings, whereas thresholds for low-contrast 
(1.7%) luminance-defined gratings are considerably higher. The 
horizontal lines indicate the spatial resolution for high-contrast 
luminance-defined (resolution I) and contrast-modulated (resolution 
II) gratings. Co) Same set of data replotted as ratio between localization 
acuity and spatial period of the grating. For second order and high- 
contrast first order gratings the relative threshold oes not change a lot 
up to a spatial frequency of 1 c/deg and then increases, whereas an U- 
shaped curve is derived for low-contrast first order gratings, with an 
optimum at about 1 c/deg. (c) Ratio of the threshold for second order 
relative to that for high-contrast first order gratings (results for 
individual subjects indicated by  different symbols, average values 
plotted as line). When the spatial frequency is below 1 c/deg, the 
localization is slightly better for second order gratings, whereas above 
1 c/deg first order gratings seem to be superior. 
by the shaded area in the figure. Comparing the 
stripewidth of the finest resolved grating with the 
displacement threshold in a left-right vernier task follows 
the conventional methods, despite doubts raised in a 
recent paper (Harris & Fahle, 1995), showing that 
displacement thresholds in a luminance-defined vernier 
detection task may be reduced by a factor of two, as 
compared to the misalignment direction discrimination 
task. If this turned out to be the case for contrast- 
modulated patterns as well, one may argue that the actual 
spatial frequency range of second order hyperacuity 
performance would be smaller. However, shifting the 
vernier curve by a factor of two clearly would leave 
resolution inferior to localization acuity for spatial 
frequencies above 0.5 c/deg. 
Comparing first and second order gratings 
To compare second order grating localization directly 
with that for first order gratings (similar to those used in 
the literature), each observer was tested in a vernier task 
with gratings having high (40%) and low (1.7%) 
luminance contrast, after finishing the tests with the 
second order patterns. Low-contrast luminance gratings 
were included to estimate about the best displacement 
thresholds which could be explained with reference to the 
maximum contrast-related luminance rror (fluctuations 
up to 1.5%, see Fig. 2). For the high-contrast gratings the 
spatial frequency again was varied between 0.1 and 
5 c/deg, for the low-contrast gratings between 0.2 and 
5 c/deg because the observers were not at all able to per- 
form the vernier task with gratings of low spatial fre- 
quency. Mean displacement thresholds for first order and 
second order patterns [same data as in Fig. 3(b)] are 
compared in Fig. 4. 
In Fig. 4(a) the angular displacement necessary to 
detect he direction of misalignment of the two first or 
second order gratings is plotted as function of spatial 
frequency. The results for patterns defined by contrast- 
modulation (II) and by luminance modulation with high 
contrast (I 40%) strongly resemble ach other, but a full 
statistical analysis reveals a significant influence of the 
stimulus type on the localization performance [ANOVA, 
F(1;60)=5.651, P=0.021]. The decisive difference 
between the two types of patterns does not show up in 
the graph, namely the fact that localization is possible for 
first order gratings at high spatial frequencies (above 
10 c/deg) with high precision (Whitaker & MacVeigh, 
1991) but cannot be tested at all with our contrast- 
modulated gratings, because the limited resolution for 
these second order patterns does not allow for the mere 
perception of the gratings when their spatial frequency 
exceeds 12 c/deg [see Fig. 3(b)]. The thresholds of first 
order gratings with low contrast are considerably poorer, 
especially at low spatial frequencies, and at 0.1 c/deg the 
displacement threshold is even too high to be estimated. 
Because the residual luminance contrast in contrast- 
modulated gratings is clearly below 1.7%, the much 
better thresholds measured here for second order patterns 
cannot be explained solely on the basis of monitor non- 
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linearities. Furthermore, control experiments in which 
noise was added to the luminance gratings were 
indicating further deterioration of localization perfor- 
mance (Volz, 1994). For instance, displacements have to 
be bigger by a factor of 3--6 than those reached with the 
corresponding contrast-modulated gratings, when a 
random dot pattern of 20% contrast is added to a grating 
of 2% luminance contrast. Since vernier acuity for 
contrast-modulated noise patterns is thus better than that 
for luminance-modulated noise it can be concluded that 
local contrast information is exploited by the human 
visual system for localization in the hyperacuity range. 
When relating the displacement threshold to the period 
of the sinusoidal modulation function, an estimate of the 
minimum phase angle necessary to detect he direction of 
the Vernier misalignment is retrieved. Following this line 
of thought we multiplied each displacement threshold 
with the spatial frequency at which it was measured. 
Since this "relative threshold" describes the threshold as 
a fraction of the grating's patial period, it is scaled in 
percent (to be converted to the phase angle by a 
multiplication with 3.6). For both first order gratings 
with hig h contrast, and second order gratings the relative 
threshold is almost constant, floating around a value of 
1.5% for spatial frequencies below 1 c/deg, and increas- 
ing rapidly for higher spz tial frequencies [ ee Fig. 4(b)]. 
This is in good accordance with previously described 
results with high-contrast luminance gratings (Whitaker, 
1993) and with the reduced visibility found for moving 
contrast-modulated patterns for spatial frequencies above 
1 c/deg (Smith et al., 1994). On the other hand, the curve 
for first order patterns with low contrast follows a 
U-shape, with a minimum threshold at about 1 c/deg. 
Comparing carefully the curves for high-contrast first 
order and second order gratings, a cross-over can be 
detected around 1 c/deg. To provide a closer look on how 
the localization acuity for these two highly visible pattern 
types are related to eac]h other, for each subject and each 
spatial frequency the threshold for second order patterns 
was divided by the corresponding threshold for the high- 
contrast first order pattern. Although there is a consider- 
able scatter on the individual data, a weak trend can be 
detected in the results plotted in Fig. 4(c). For gratings 
with a spatial frequency below 1 c/deg the localization of 
second order patterns tends to be slightly better (ratios 
below 1), whereas for higher spatial frequencies the 
localization for the first order patterns eems to be better. 
The differences between the performances for the two 
gratings eem to be reduced when the subjects get more 
practice with the experiment [significant influence of the 
spatial frequency on the ratio in the first six tests: 
ANOVA, F(5;20) = 4.1)12, P --- 0.0110; whereas not sig- 
nificant in the last six tests: ANOVA F(5;20) = 1.963140, 
P = 0.128]. It has to be noted that sampling artefacts can 
impair vernier performance ven well above resolution 
limits; since grating re,;olution differs for first and second 
order stimuli, a better direct comparison of Vernier acuity 
therefore would be ac!hieved with a well-defined spatial 
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FIGURE 5. Displacement thresholds for second order gratings with 
modulation depth of 11.25% (ll), 22.5% (O) 45% (A) and 90% (410, 
plotted as function of grating spatial frequency (averages from four 
observers, error bars indicate SEMs). (a) Angular displacement 
thresholds and grating resolution (minimum resolvable stripewidth, 
indicated by horizontal ines). Both localization and resolution, 
improve with increasing modulation depth. At low modulation depth 
(11.25%) and high spatial frequency (2 c/deg) the startlevel of the 
staircase procedure was not overcome (floor-effect indicated by 
asterisk). (b) Localization performance given as fraction of the 
resolution limit (same data replotted). The shapes of the curves for the 
different modulation depths are very similar. Localization is more 
precise than the resolution limit--i.e, in the hyperacuity range (shaded 
area}--for spatial frequencies above 0.5-1 c/deg. 
sampling rate generated by a screen mask (cf Morgan & 
Watt, 1984). 
Modulation depth 
Acuity for localization of first order patterns trongly 
depends on the visibility of the stimulus (Waugh & Levi, 
1993a, b; Bradley & Skottun, 1987). For instance, de- 
creasing the visibility of a luminance-defined grating by 
reducing the contrast deteriorates the localization of these 
gratings considerably, as can be seen in Fig. 3(a) in the 
threshold elevation for low-contrast gratings. Is this 
similar for second order gratings? The stimulus para- 
meters corresponding tomean luminance and contrast of 
a luminance-defined grating are the mean contrast and the 
modulation depth of a contrast-modulated grating, 
describing the average and amplitude of the spatial 
modulation function. We therefore investigated how 
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changing the amplitude of a second order grating, i.e. its 
modulation depth, affects localization acuity and visi- 
bility as tested in a resolution task. We used contrast- 
modulated gratings with a constant mean luminance 
(40 cd/m 2) and mean contrast (20%). Each of four 
observers participated in four blocks of Vernier experi- 
ments in a Latin Square design, with gratings having a 
modulation depth of 11.25%, 22.5%, 45% and 90%, 
respectively, and with the spatial frequency varied within 
each block (0.2, 0.5, 1 and 2 c/deg). After each block of 
staircases, the grating resolution was measured for the 
grating with the respective block's modulation depth as 
described above. 
Displacement thresholds for gratings with four differ- 
ent modulation depths are compared in Fig. 5(a) with the 
corresponding resolutions. It is obvious that both the 
grating resolution and the localization performance are 
reduced when the modulation depth of the contrast- 
modulated grating is decreased. On the other hand, rather 
consistently for all tested modulation depths, the 
localization of gratings is more precise than the 
resolution when the spatial frequency is close to or 
above of 1 c/deg. How similarly resolution and localiza- 
tion are affected by variation of the modulation depth, 
can be seen in Fig. 5(b), where all displacement 
thresholds measured in this experiment are normalized 
with respect to the corresponding grating resolution. 
Plotting the ratio of localization threshold to spatial 
resolution limit as a function of spatial frequency of the 
tested grating, the curves for the four modulation depths 
appear to be very close to each other. Values below unity, 
as indicated by the shaded area, indicate localization 
performance in the hyperacuity range. 
Second order bar stimuli 
The frequency characteristics of Vernier alignment for 
first order and second order gratings hown in Fig. 4 may 
surprise at first sight because localization performance 
for first order stimuli does not reach the hyperacuity 
range, and because there are only minor differences inthe 
absolute level of performance b tween the results for the 
two pattern types in the frequency range covered by our 
experiments. While the missing hyperacuity is in 
accordance with literature results showing hyperacuity 
to be limited to high spatial frequencies ofgrating stimuli 
[above 10 c/deg, see Bradley & Skottun (1987); Whitaker 
& MacVeigh (1991)], this compromises the comparison 
of performance for the two pattern types, because a 
different localization mechanism ight operate at higher 
frequencies exclusively on first order stimuli. The 
localization of contrast-modulated random dot patterns 
only could be tested up to spatial frequencies of 5 c/deg 
because gratings of higher frequencies are hardly visible 
at all, due to the resolution limit of about 12 c/deg. 
Therefore we used bar stimuli which are visible and easy 
to realise in both the luminance and contrast-modulation 
domain, and are localized as first order stimuli with a 
precision going down to a few seconds of arc (McKee & 
Westheimer, 1978). The Fourier-spectrum of a bar covers 
a broad frequency range, which may be the reason for its 
excellent localization, but on the other hand, the high 
frequencies in the spectrum are prone to be cut off by 
input filters of the part of the visual system responsible 
for localization. If it is assumed that the localization 
mechanism has to dwell on the same set of spatial 
frequencies that can be detected in the orientation task, 
the visual system should have more information to 
localize first order bars [first order resolution up to 60 
c/deg after Campbell & Maffei (1974); Geisler (1984)] 
compared to second order bars (second order resolution 
limit 12 c/deg). 
Using a computer monitor to measure displacement 
threshold for bar stimuli can cause experimental 
problems, when the luminance profile of the bar has a 
sharp flank. If the luminance ischanged from background 
to target level between two neighbouring pixels, the 
smallest possible displacement is he pixel distance of the 
monitor, and all displacements are restricted to integer 
multiples of this distance. However, when the flanks of 
the bar spread out over several screen pixels, subpixel 
displacements can again be realized by assigning 
intermediate values to the pixels representing the smooth 
edge of the bar, and the position is reliably retrieved by 
interpolation in the visual system (Morgan & Watt, 
1982b). To avoid mach bands [see Ross et al., 1989) we 
smoothed the flanks by convolution of a bar which 
originally had a rectangular profile with a Gaussian 
function. The resulting Fourier-spectrum of the blurred 
bar profile depends on the filter width, with the Gaussian 
standard deviation determining the corner-frequency 
above which all frequency components of the bar's 
original spectrum are reduced by half an octave.* 
The profile of a bar of 0.1 deg width and 1.1 deg height 
was convoluted in the horizontal direction with seven 
different Gaussian functions, leading to targets which 
were blurred with respect o the luminance (first order 
bar) and the local contrast of a random dot pattern 
(second order bar) as function of space, respectively. 
While keeping the average luminance of bar and 
background constant at 40 cd/m 2, the luminance contrast 
of the first order bar was corrected to a value of 36% after 
the convolution with either filter. The modulation depth 
of the second order bar was corrected accordingly to a 
constant value of 90%, with the average contrast of bar 
and background kept at 20%. Viewing distance was 
increased to 4 m in this experiment, but the size of each 
element of the random dot pattern was kept at 0.5' × 0.5'. 
Two of these bars were presented above each other with a 
vertical gap of 10', and the horizontal displacement 
thresholds were measured for six observers, using the 
standard procedures. Each subject took part in an 
*The corner-frequency fc atwhich the Fourier-transform f a Gaussian 
function with a standard deviation trx reaches a value of l/v/-2 is 
given by the formula: 
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FIGURE 6. Displacement thresholds (averages from six observers, 
error bars indicate SEMs) for luminance-defined bars (bar k A) and 
contrast-modulated bars (bar II, m) as function of edge blur (corner- 
frequency), determined by the standard eviation of the Gaussian 
convolution filter (see schematic nsets; for details see text). (a) 
Angular displacement thresholds for vernier-alignment of he bars; 
dashed lines indicate the thresholds for first (I) and second order 
gratings (II) with the stripewidth corresponding to the width of the 
unfiltered bar. Thresholds for first order bars are always ignificantly 
better than those for second order bars; blurring the bar profiles 
generally impairs patial localization. (b) Relative acuity (threshold II/
I ratio) given by the ratio of the threshold for a given second order bar 
to that of the corresponding first order bar. Different symbols represent 
data from individual observers, the line indicates the average ratios. 
The difference b tween first and second order bars eems to be reduced 
with increasing attenuation f high frequency omponents from the bar 
profile. 
additional test in which the vernier alignment ask was 
run as a control with a sinusoidal pattern of 5 c/deg, in 
which grating stripewidth is equal to that of the 
unconvolved bar. 
The averaged displacement thresholds for first and 
second order bars are plotted in Fig. 6(a) as function of 
the corner-frequency of the blurring Gaussian filter. The 
dashed lines indicate the thresholds derived from the 
control test for the sinusoidal gratings with a spatial 
frequency of 5 c/deg. For all filter-sizes, displacement 
thresholds for first order bars are significantly below that 
for second order bars. The difference between the acuity 
for the two pattern types seems to decrease with 
increasing blur (low comer-frequencies), thus indicating 
the relative importance of high frequency components in
the localization of first order bars. For both bar types the 
displacement thresholds decrease with increasing fre- 
quency content, meaning that the allowance of higher 
frequency components in the bars (less edge blur) 
improves the spatial ocalization for both first and second 
order bars. In either case, furthermore, the performance 
for the bar goes beyond that of the grating with 
comparable spatial parameters, and the precision of 
localization is definitely better than grating resolution. 
For direct comparison of first and second order localiza- 
tion, the ratio of the threshold measured for second order 
bars to the threshold for first order bars, "threshold I/II", 
was calculated for each filter-size and each subject. 
Although there are huge individual differences in this 
relative acuity measure [Fig. 6(b)], it is clear that 
localization performance is better for first order than for 
second order bars, at least by a factor of two. 
Furthermore, the relative acuity appears to decrease 
slightly with decreasing corner-frequency. This means 
that the performance differences for the two patterns are 
reduced with increasing blur, i.e. when less high 
frequency components are preserved after the convolu- 
tion of the bar profiles with Gaussian filters with a bigger 
standard eviation. 
GENERAL DISCUSSION 
Spatial localization was investigated for second order 
patterns in which the local contrast of a random dot 
pattern was modulated as a function of space while the 
mean luminance was kept constant. The detection of a 
misalignment between two second order bars in a vernier 
task requires displacements of at least 0.6', which in 
general are about two to five times bigger than those 
necessary for solving the same task with the correspond- 
ing luminance bars. Displacement thresholds for con- 
trast-modulated gratings are comparable to those for 
their luminance-defined counterparts in a range of spatial 
frequencies between 0.1 and 5 c/deg, reaching a mini- 
mum of 0.6'. This is well above the optimum thresholds 
of a few seconds of arc which are known to be achieved 
for luminance gratings at higher spatial frequencies 
(Whitaker, 1993), at which contrast-modulated gratings 
are no longer visible. In conclusion, localization 
performance for our second order stimuli on the one 
hand clearly is worse than the optimum which can be 
reached for first order stimuli, but on the other hand it 
definitely goes beyond the resolution of such patterns, 
and therefore can be considered as being in the 
hyperacuity range. Of  course, only a limited number of 
stimuli, and limited number of stimulus parameter 
combinations was tested so far, and thus it cannot be 
said, whether other second order patterns in general lead 
to the same performance for localization. For instance, 
performance for shorter inspection periods might be of 
interest, but for technical reasons the presentation time 
could not be reliably reduced below 500 msec. In several 
preliminary experiments which are not reported here (cf 
Volz, 1994), this and a number of other parameters, uch 
as viewing distance, pattern size, or orientation, were 
investigated less thoroughly, without finding any major 
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restriction to the general conclusion that second order 
localization is in the hyperacuity range. Furthermore, 
there are various hints in the literature that other types of 
second order stimuli are localized with similar precision. 
For motion-defined bars a vernier acuity of about 0.8-1' 
is described (Regan, 1986; Banton & Levi, 1993), 
whereas for stereo-defined bars a vernier acuity of about 
0.7' has been found (Morgan, 1986). 
Comparing the results for different gratings and bars in 
our experiments, one peculiar fact deserves further 
consideration: similar to first order bars, localization 
performance improves for the second order bar, when 
higher frequency components are included in the profile, 
and the position of a bar is detected with higher precision 
than the position of a corresponding grating. On one 
hand, the latter fact could be due to the repetitive 
structure of gratings which subjectively confound the 
observers when they try to evaluate the alignment of the 
upper and lower part of the display. Indeed, for first order 
stimuli a strong interference can be observed from 
objects placed in the neighbourhood of a vernier target, 
which usually is referred to as "crowding effect" (Flom 
et aL, 1963; Jacobs, 1979). It can be speculated whether 
such effects may be involved in the superiority of vernier 
acuity for bars over that for gratings (Levi et al., 1985). 
On the other hand, better localization of bars may be 
attributed to their broad frequency spectrum. This view 
might be implausible at first glance because the 
additional high frequency components in the bar are not 
expected to be within the resolution limit for second order 
gratings. Indeed, a performance plateau close to that for 
the tested grating with the highest spatial frequency is 
reached for corner-frequencies above 10 c/deg. When the 
corner-frequency is further reduced performance is 
impaired, and at a corner-frequency of 1 c/deg (all spatial 
frequency components above 5 c/deg attenuated to 
<0.1%) localization is in fact poorer than that for the 
control grating of exactly 5 c/deg. Thus adding frequency 
components beyond the resolution limits to the second 
order pattern does not improve localization performance. 
The general question was mentioned at the beginning 
of this paper, whether first and second order information 
are used by the same neural machinery, or whether 
separate mechanisms have to be invoked to localize 
contours defined by the different attributes. Despite the 
fact that localization performance for luminance-defined 
vernier targets clearly surpasses that for contrast- 
modulated targets, there is no reason to assume two 
qualitatively different systems on the basis of our results. 
The key observation is that luminance-defined gratings 
are processed over a wider range of spatial frequencies 
than contrast-modulated gratings, but that in the range in 
which both types of stimuli can be easily detected, the 
performance is comparable. This could indicate that a 
single mechanism responsible for the extraction of 
relative position operates on information which may be 
pre-processed in two or more different ways which, by 
their own spatial (or temporal) properties, then limit the 
localization performance. Could this two-stage hypoth- 
esis be proved wrong? Obviously, quantitative compari- 
sons of localization performance are of limited value, 
since differences can always be explained in terms of the 
different pre-processing modules. A more appropriate 
experimental pproach would be to look at the interaction 
between the components pre-processed by different input 
channels: for instance, the localization for a two bar 
stimulus could be tested, with one bar defined by 
modulation of contrast, and the other of luminance. Only 
if both bars feed into the same basic mechanism for 
localization, would the relative position be successfully 
extracted. An alternative strategy would be to look at the 
interference of a first order vernier target with second 
order crowding objects, or vice versa. The observation 
that there is no such interaction between motion-defined 
and luminance-defined targets (Banton & Levi, 1993) can 
be interpreted as a first hint on the possibility of separate 
mechanisms. 
The view of two-stage processing put forward here for 
localization, agrees quite well with the current under- 
standing of higher-order motion processing which is 
believed to be fed by various modules extracting various 
features, such as luminance, colour, disparity, texture or 
motion (Cavanagh & Mather, 1989; Zanker, 1993). For 
motion processing, such a organization has found 
electrophysiological support (Albright, 1992; Zhou & 
Baker, 1993) in that cortical neurons can be found which 
are exclusively tuned to luminance-defined gratings, and 
others which are sensitive to both shifts of beat patterns-- 
i.e. contrast-modulated gratings with a sinusoid as 
carrier--and to luminance gratings if the spatial fre- 
quency corresponds to that of the beat. This supports the 
general view of a visual system organization in which 
parallel modules analysing the various features of the 
retinal images (luminance, texture, motion, etc.) feed-- 
with allowance for all possible combinations--into a 
higher set of parallel modules responsible for solving 
various tasks (detection, localization, motion, etc.). It will 
be interesting to learn which of the many possible 
interconnections actually are realized in the human brain, 
and how this mixed structure of hierarchical and parallel 
information processing is implemented in the complex 
architecture of the visual cortex. 
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